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Planar  Laser-Induced  Fluorescence  (PLIF)  was  used  to  visualize  the  flow  of  a  supersonic 
nozzle  with  a  single  supersonic  injector.  The  nozzle  simulates  Chemical  Oxygen  Iodine  Laser 
(COIL)  flow  conditions  with  non-reacting,  cold  flows,  where  the  injected  flow  is  seeded  with 
iodine.  A  laser  sheet  near  565nm  excites  the  iodine,  and  the  fluorescence  is  imaged  with  a 
gated,  CCD  camera.  Streamwise  and  semi-spanwise  (oblique-view)  images  were  taken, 
where  the  presence  of  injected  flow  is  highlighted.  With  these  images,  the  flow  structures  are 
identifiable  and  the  mixing  quality  between  the  primary  and  injected  flow  can  be 
quantitatively  measured.  Histograms  of  image  ensembles  were  taken  at  varying  downstream 
locations.  A  mixing  parameter,  defined  from  the  histograms,  is  used  to  measure  the  mixing 
quality  with  downstream  distance. 


I.  Introduction 

HISTORICALLY,  Chemical  Oxygen  Iodine  Lasers  (COIL)  employ  supersonic  nozzles  in  which  iodine  and 
carrier  helium  are  injected  into  a  mixture  of  helium  and  singlet  delta  oxygen,  O^A),  upstream  of  the  nozzle 
throat,  in  the  subsonic  region.  Designs  in  which  iodine  is  injected  in  the  supersonic  region  of  the  nozzle  have  the 
potential  to  provide  improved  performance.  Injecting  the  iodine  and  carrier  helium  downstream  of  the  nozzle  throat 
decouples  this  flow  from  the  Singlet  Oxygen  Generator  (SOG),  allowing  changes  to  be  made  to  the  injected  mass 
flow  without  affecting  the  pressure  upstream  in  the  flow  from  the  SOG.  When  injected  into  the  subsonic  region,  the 
iodine  and  carrier  helium  are  approximately  17-20%  of  the  SOG  molar  flow.  By  injecting  the  iodine  and  carrier 
helium  into  the  supersonic  region,  the  pressure  decreases,  which  increases  the  velocity  and  decreases  the  partial 
pressure  of  02(1A).  A  lower  partial  pressure  and  increased  velocity  decreases  the  rate  of  O^A)  loss  and  a  greater 
velocity  decreases  the  time  it  takes  to  transport  02(‘A)  downstream  of  the  throat,  enabling  more  lasing  at  the  exit  of 
the  nozzle.  Nozzle  designs  with  supersonic  injection  of  iodine  were  studied  by  Nikolaev  et  al.,  Zagidullin  et  al„ 
Barmashenko  et  al.,  and  Madden  et  al.1’2,3,4 

The  fluid  mechanics  of  COIL  nozzles  have  been  studied  numerically  and  experimentally.  Numerical  studies  have 
been  performed  on  chemical  lasers  with  iodine  injection  in  the  subsonic  region  of  the  nozzle  by  Madden  and  Miller, 
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Miller  et  al..  Miller  and  Shang,  Madden  and  Soloman,  and  Masuda  et  al.5'6'7,8,9  Madden  and  Miller  numerically 
simulated  iodine  injection  in  the  supersonic  region.^  This  aids  in  the  understanding  of  the  mixing  phenomena  in  the 
fluid-dynamic  flowfields.  Planar  Laser-Induced  Fluorescence  (PLIF),  a  non-intrusive  method  to  image  the  flowfield, 
has  been  used  to  study  the  fluid  mechanics  of  a  COIL  nozzle  with  iodine  injection  in  the  subsonic  region  by 
Rapagnani  and  Davis  and  Muruganandam  et  al. 10,11 

Gruber  et  al.  and  Lee  et  al.  experimentally  studied  transverse  jets  in  supersonic  crossflow  cases. 12,1,5  Although  the 
gases  used  do  not  simulate  COIL,  they  give  relationships  between  the  momentum  of  the  jets  and  crossflow.  This 
work  aids  in  the  understanding  of  injection  penetration  into  a  supersonic  region  and  the  factors  that  affect 
penetration  distance  and  mixedness  of  the  two  flows. 

Previously,  Noren  et  al.  performed  PLIF  experiments  on  a  supersonic  nozzle  with  supersonic  iodine  injection  in 
the  supersonic  region  of  the  nozzle.  The  nozzle  was  designed  with  applications  to  COIL  chemistry,  but  did  not  have 
sufficient  mixing  between  the  secondary  and  primary  flows.14  That  study  precedes  the  current  experiments,  where 
PLIF  results  will  be  used  to  design  a  nozzle  with  ample  mixing  between  the  primary  and  secondary  flows. 

In  this  study,  the  flowfield  of  a  supersonic  nozzle  with  a  single  supersonic  injector  was  imaged  with  PLIF.  The 
nozzle  studied  has  mass  flow  characteristics  applicable  to  COIL.  With  the  iodine  fluorescence  imaged,  the  quality  of 
mixing  can  be  quantified  with  histograms.  A  histogram  of  an  unmixed  flow  of  two  species  will  have  multiple 
modes.  There  will  be  one  peak  at  zero  intensity  (the  primary  flow),  another  peak  at  a  high  intensity  (the  fluorescing 
injected  flow),  and  a  possible  third  low-intensity  peak  representing  the  mixed  flow.  As  the  flow  becomes  mixed,  the 
second  and  third  peaks  will  trend  closer  to  the  first  peak.  This  is  because  the  injected  species  mixes  with  the  primary 
species,  diluting  the  seeded  iodine,  causing  the  fluorescence  intensity  to  decrease. 

II.  Materials  and  Methods 


A.  PLIF  Diagnostics 

The  PLIF  system  consists  of  a  Neodymium:  Yttrium- Aluminum-Garnet  (Nd:YAG)  laser,  tunable  dye  laser, 
laser-sheet-forming  optics,  and  a  CCD  camera.  The  Nd:YAG  laser,  at  the  second  harmonic  (532  nm),  pumps  the 
tunable  dye  laser.  It  has  a  10-Hertz  pulse  rate  and  an  8-  to  10-second  pulse  width.  The  output  of  the  YAG  laser  is 
turned  by  two  dichroic  mirrors  (425-675  nm)  into  the  dye  laser.  The  tunable  dye  laser,  with  Rhodamine  6G  as  the 
dye,  has  a  559  to  576  nm  range  with  a  peak  at  566  nm.  Maximum  iodine  fluorescence  occurs  at  approximately  565 
nm,  which  makes  Rhodamine  6G  ideal  for  this  application.  The  pulse  width  of  the  dye  laser  is  -30  ns.  The  beam 
from  the  dye  laser  is  turned,  using  a  BK7  prism,  into  a  series  of  three  lenses  to  collimate  and  expand  the  beam  into  a 
rectangular  sheet  with  minimal  thickness  (-600  pm).  The  dye  laser  is  then  used  to  excite  the  injected  iodine 
molecules  to  stimulate  fluorescence.  This  fluorescence  is  imaged  with  a  gated  CCD  camera. 

Once  the  dye  laser  beam  is  collimated  and  expanded,  it  is  directed  into  the  nozzle,  either  through  the  nozzle’s 
Lexan  window  or  through  a  calcium-fluoride  window  at  the  back  end  of  the  nozzle.  The  laser  excites  the  iodine  in 
the  injected  flow  to  stimulate  fluorescence.  This  fluorescence  is  imaged  with  an  intensified,  gated  CCD  camera.  The 
camera  has  512  x  512  pixels  and  is  gated  at  20  ns.  It  is  able  to  capture  images  at  a  rate  of  10  Hz.  To  collect 
streamwise  images,  the  laser  sheet 
is  aimed  up  the  back-end  of  the 
nozzle  (against  the  primary  flow) 
and  the  camera  is  positioned 
perpendicular  to  the  laser  sheet  and 
Lexan  windows.  For  the  oblique- 
view  images,  the  laser  sheet  passes 
through  the  Lexan  windows  at  a 
45°  angle.  As  in  the  streamwise 
images,  the  camera  is  aimed 
perpendicular  to  the  laser  sheet. 

Figure  1  is  a  schematic  of  the 
nozzle  block,  camera,  and  laser 
sheet  positioned  in  the  oblique 
view.  With  the  oblique-view  set  up, 
the  power  of  the  laser  is  reduced  to 
25  mJ  so  as  to  not  burn  the  Lexan. 


Figure  1.  Schematic  of  the  nozzle,  with  the  flow  from  left  to  right.  The 
laser  sheet  passes  through  the  Lexan  window,  angled  45°  to  the 
primary  flow.  The  camera,  as  shown,  acquires  images  perpendicular 
to  the  laser  sheet,  which  gives  the  oblique-view  images. 


2 

American  Institute  of  Aeronautics  and  Astronautics 


B.  Nozzle  Hardware 

The  nozzle  test  stand  includes  the  nozzle  frame,  a  flow-straightener 
upstream  of  the  nozzle,  and  two  nozzle  contour  inserts.  The  nozzle 
contour  inserts  are  removable  so  that  injectors  may  be  added  for  future 
testing.  The  nozzle  is  designed  for  a  primary  flow  of  Mach  2.2.  The 
throat  height  is  i  cm,  and  the  distance  from  the  throat  to  the  exit  of  the 
nozzle  is  22.5  cm.  The  single  injector  is  located  on  the  bottom  nozzle 
contour  insert,  0.25  cm  downstream  of  the  throat.  It  is  angled  45°  to  the 
primary  flow.  The  exit  to  throat  area  ratio  for  the  injector  is  4,  giving  a 
design  Mach  number  of  3.4.  Figure  2  displays  the  geometry  of  the 
single  injector. 

C.  Gas  Flows 

The  primary  flow  consists  of  helium  at  505  mmol/s  and  oxygen  at 
125  mmol/s.  A  COIL  nozzle  would  have  a  series  of  rows  of  injectors  to 
produce  a  well-mixed  medium  of  secondary  and  primary  flow.  To 
simulate  COIL  chemistry,  the  secondary  flow  would  have  125  mmol/s 
of  helium  and  about  1  mmol/s  of  iodine.  In  this  experiment,  however, 
only  one  of  the  injectors  is  present,  which  contributes  approximately 
1%  of  the  secondary  flow.  The  secondary  flow  system  is  set  up  to 
deliver  the  125  mmol/s  of  helium  and  lmmol/s  of  iodine.  To  easily  and  accurately  deliver  only  1%  of  this  flow  to 
the  injector,  the  secondary  gas  flow  is  fractionated  with  an  orifice,  where  99%  of  the  flow  bypasses  the  injector  and 
1%  is  sent  to  the  injector.  The  iodine  molar  flow  rate  is  measured  in  the  flow  before  fractionation.  The  absorbance 
measurement  of  an  Argon-Ion  laser  beam  (488  nm)  through  the  flow  of  helium  and  iodine  is  used  to  determine  the 
concentration  of  iodine  in  the  flow.  From  the  iodine  concentration,  helium  flow  rate,  pressure,  and  temperature  in 
the  flow,  the  molar  flow  rate  can  be  deduced.  Davis  gives  a  complete  review  of  this  procedure.15 


Figure  2.  Schematics  of  the  injector 
geometry,  units  given  in  millimeters. 


III.  Results 

The  nozzle  was  tested  with  and  without  a  single  injector.  Pressure  measurements  were  taken  when  the  nozzle 
without  the  single  injector  (blank  nozzle  contour  inserts)  was  on  the  test  stand.  The  pressure  measurements  were 
used  to  compute  the  Mach  number  in  the  nozzle.  Streamwise  and  oblique- view  PLEF  images  were  acquired  when  the 
nozzle  with  the  single  injector  was  on  the  test  stand. 


A.  Mach  Number  Measurements 

To  verify  the  design,  the  nozzle  without  the 
single  injector  was  placed  on  the  test  stand  so  that 
pressure  measurements  could  be  made.  One  of  the 
smooth  Lexan  walls  was  replaced  with  a  Lexan 
wall  that  had  fittings  at  2.5-cm  increments.  A 
Pitot  tube  could  be  inserted  in  these  fittings. 
Because  the  flow  is  supersonic,  the  stagnation 
pressures  upstream  and  downstream  of  the  shock 
wave  formed  by  the  Pitot  tube  were  used  to 
calculate  the  Mach  number  in  the  flow.  The 
isentropic  relationship  for  pressure  and  Mach 
number  and  the  relationship  for  Mach  numbers 
up-  and  downstream  of  a  normal  shock  were  used 
to  determine  the  Mach  number  from  the  ratio  of 
stagnation  pressures.  The  relationship  between 
the  Mach  number  upstream  of  the  normal  shock 
wave,  M/,  and  the  ratio  of  stagnation  pressures, 
where  P0j  is  the  stagnation  pressure  upstream  of 
the  normal  shock  and  P02  is  the  stagnation 
pressure  downstream  of  the  normal  shock,  is 


Figure  3.  Mach  number  versus  downstream  distance  as 
measured  with  stagnation  pressures  and  as  calculated 
with  3-D  CFD. 
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The  stagnation  pressure  upstream  of  the  normal  shock  was  measured  in  the  plenum  of  the  nozzle,  whereas  the 
stagnation  pressure  downstream  of  the  normal  shock  wave  was  measured  by  the  Pitot  tube.  The  Pitot  tube  was 
placed  along  the  centerline  of  the  nozzle.  The  Mach  number  distribution,  as  determined  from  the  measured 
stagnation  pressures,  is  displayed  in  Fig.  3.  The  downstream  distance  is  normalized  by  the  nozzle  throat  height,  h.  At 
the  nozzle  exit  plane,  the  Mach  number  is  close  to  the  design  number  of  2.2.  Along  with  the  experimental  results. 
Fig.  3  displays  the  Mach  number  from  a  computational  fluid  dynamics  (CFD)  calculation  for  this  nozzle.  Additional 
CFD  results  will  be  presented  in  a  subsequent  paper. 


B.  PLIF  Imaging 

Streamwise  and  oblique- 
view  images  were  collected  in 
ensembles  of  100  at  various 
downstream  locations.  In  these 
images,  the  presence  of  the 
injected  flow  is  highlighted 
with  the  iodine  fluorescence. 

Three  oblique-view  ensemble- 
averaged  images  are  displayed 
in  Fig.  4.  In  each  image,  the 
counter-rotating  vortex  pair  is 
visible.  The  structure  height 
grows  with  downstream 
distance,  which  indicates  jet 
penetration  with  downstream 
distance. 

Figure  5  displays  ensemble-averaged  streamwise 
images.  These  images  were  acquired  along  the  centerline  of 
the  jet.  Each  ensemble  consists  of  100  images.  Figure  5  (a) 
is  taken  with  the  nozzle  throat  at  the  left-hand-side  of  the 
image.  The  origin  of  each  consecutive  image  is  located  at 
the  right-hand-side  of  the  previous  image;  there  is  no 
overlap  between  the  images.  The  portion  of  the  jet  that  is 
brightest  is  the  less-mixed  injector  flow,  the  counter-rotating 
vortex  pair  (CRVP).  The  flow  below  the  bright  portion  of 
the  jet  is  a  well-mixed  flow  of  primary  and  secondary  gases, 
and  the  dark  portions  of  the  images  represent  the  unmixed 
freestream. 

C.  Streamwise  Image  Analysis 

To  quantify  the  mixing  behavior  of  the  secondary  and 
primary  flows,  histograms  of  the  fluorescence  intensity  in 
the  streamwise  images  were  created.  Histograms  display  the 
probability  density  of  the  intensity.  For  each  image,  the 
intensity  was  normalized  by  the  maximum  intensity  of  the 
streamwise  image  at  the  injector  exit  (Fig.  5  (a)),  which  is 
the  maximum  intensity  for  all  the  streamwise  images. 
Figure  6  displays  a  histogram  including  all  eight  streamwise 
images.  Image  (a)  and  (b)  have  a  large  peak  at  zero  intensity 
(the  unmixed  freestream)  and  another  peak  at  a  higher 
intensity  (the  CRVP).  The  histograms  for  (a)  and  (b)  do  not 
show  a  peak  at  low  intensity  which  would  indicate  a  well- 


Figure  4.  Ensemble-averaged  images  of  the  injector  jet  in  the  oblique  view 
at  a)  x/h  =  0.28,  b)  x/h  =  0.58,  and  c)  x/h  =  0.98.  The  image  width  is  224 
pixels  and  the  image  height  is  270  pixels,  where  each  pixel  is  0.05mm. 


Figure  5.  Ensemble-averaged  images  of  the 
injector  jet  in  the  streamwise  view  at 
progressive  downstream  positions  from  the 
nozzle  throat. 
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Normalized  Intensity 
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mixed  flow  between  the  primary 
and  secondary  flows.  The 
histograms  for  images  (c) 
through  (h)  each  have  three 
peaks,  including  a  large  peak  at 
zero  intensity  representing  the 
freestream,  a  peak  at  low 
intensity  indicating  a  well-mixed 
flow,  and  a  peak  at  high  intensity 
representing  the  less-mixed 
injected  flow.  As  the  downstream 
distance  increases,  the  intensity 
values  characterizing  the  second 
and  the  third  peak  move  toward 
the  value  indicative  of  the 
freestream  (main)  flow,  which 
suggests  that  the  flow  is  getting 
more  mixed  and  that  the  main 
flow  gases  are  advected  into  the 


Figure  6.  Histograms  of  the  ensemble-averaged  images  displayed  in  Fig.  CRVP. 

5  (a)-(h).  Intensity  is  normalized  by  the  maximum  intensity  in  Fig.  5  (a).  Each  streamwise  image  was 

divided  into  seven  different 

overlapping  segments  as  shown  in  Fig.  7.  Each  segment  has  a  pixel  width  of  128  and  a  pixel  height  of  282.  The 
horizontal  overlap  between  adjacent  segments  is  64  pixels.  Histograms  were  created  for  each  segment  and  mapped 
together  for  comparison.  Figure  8  displays  the  histograms  from  Fig.  5  (c).  Each  histogram  includes  three  peaks  and 
the  second  and  third  peaks  decrease  in  intensity  as  did  the  histograms  (c)  through  (h)  in  Fig.  6.  The  histograms  for 
Fig.  5  (h)  are  shown  in  Fig.  9.  Similar  to  the  histograms  in  Fig.  8,  there  are  three  peaks.  The  peaks,  however,  do  not 
decrease  in  intensity  value  with  downstream  distance.  This  infers  that  the  flow  is  not  significantly  developing  at  this 
downstream  distance,  like  it  is  farther  upstream  in  Fig.  5  (c). 


Figure  7.  A  schematic  displaying  how  each  streamwise 
image  was  divided  to  create  seven  histograms  for  each 
image.  The  numbers  by  the  brackets  refer  to  the  image 
section  number,  while  the  numbers  directly  under  the 
image  refer  to  the  image  pixel. 
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Figure  8.  Histograms  of  seven  overlapping  sections  from  Fig.  5  (c). 
Intensity  is  normalized  by  the  maximum  intensity  in  Fig.  5  (a). 


Figure  9.  Histograms  of  seven  overlapping  sections  from  Fig.  5  (h). 

Intensity  is  normalized  by  the  maximum  intensity  in  Fig.  5  (a). 

IV.  Discussion 

In  this  study,  a  PLIF  diagnostic  was  used  to  image  the  injected  flow  in  the  supersonic  region  of  a  supersonic 
nozzle.  A  histogram  analysis  was  performed  on  ensemble  averages  of  streamwise  images  to  quantify  the  mixing 
between  the  primary  and  secondary  flows.  The  histograms  revealed  three  regions  of  the  flow:  1)  the  zero-intensity 
primary  flow,  2)  the  high-intensity  secondary  flow  structure,  and  3)  the  intermediate-intensity  well-mixed  flow  with 
recirculation.  From  the  histograms  of  the  streamwise  images,  the  flow  becomes  better-mixed  with  downstream 
distance.  Also,  the  flow  becomes  fully  developed  before  the  exit  of  the  nozzle,  where  mixing  quality  does  not 
increase  drastically  with  downstream  distance. 

Additional  injectors  will  be  added  to  this  nozzle  to  produce  a  well-mixed  medium  of  primary  and  secondary 
flows.  With  each  additional  injector,  PLIF  will  be  used  to  analyze  the  flow  for  desired  penetration  and  mixing 
quality.  The  next  injector  being  considered  is  a  small  injector  directly  downstream  of  the  current  single  injector  to 
stimulate  flow  turbulence. 
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